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Abstract: In Chinese Han Buddhist temples, the Main Hall is the paramount indoor religious location, 
for which acoustic quality is very important for several Buddhist rites held within; however, the sound 
field in the Main Hall has not yet been analyzed scientifically. By combining sound field measurement 
with acoustic simulation, this study investigated the effects of spatial elements and sound source 
characteristics in a Main Hall, revealing that both fabric sound absorbers and Buddha statues mounted 
within had a pronounced effect on the sound field. Using an acoustic model of the Main Hall of the 
Xiantong Temple as an example, when various fabric sound absorbers were removed, the mid-
frequency reverberation time (T30m) and mid-frequency early decay time (EDTm) increased by 32.3% 
and 46.8%, respectively. When fabric sound absorbers and Buddha statues were removed, the sound 
pressure level was not significantly affected. The form of the roof did not significantly impact the 
indoor sound field. The directivity of the sound sources did not significantly affect the T30m but did 
affect the EDTm and the speech transmission index (STI). When monks chanted sutras face-to-face, 
the STI was maximized. Additionally, changing the positions of sound sources moderately affected the 
EDT and STI. 
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1. Introduction 
 

Han Buddhism has been practiced for more than 2000 years in China. Han Buddhist temples have 
provided not only good sites for the religious practice of monks and followers but also served as 
important public activity spaces in ancient China [1]. Generally, favorable acoustic and visual 
environments play important roles in creating a religious atmosphere for temples, and have promoted 
the development and spread of Han Buddhism in China [2]. Because of the influence of both China’s 
traditionally ritual and Buddhist cultures, most Chinese Han Buddhist temples use an axisymmetric 
and multi-courtyard layout, as illustrated in Fig. 1. In a Han Buddhist temple, the largest and most 
important building is the Main Hall, which is located along the central axis of the temple and provides 
an important site for morning and evening chanting and religious rites. One consequence is that indoor 
acoustic quality plays a critical role in the acoustic environment of the temple. A traditional Main Hall 
is fitted with many religious ornaments and Buddha statues placed at the center and sides, which may 
affect the indoor sound field. For the ritual activities of Han Buddhism, indoor sound sources are 
arranged in a distinctive way that differs from those of other religions or nonreligious performance 
locations. 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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Many studies have focused on the influence of indoor sound fields in religious sites and performance 
locales. Analyzing indoor sound absorbers, Boren simulated and analyzed the indoor sound fields of 
two churches in Venice during festivals, and found that the reverberation time (T30), early decay time 
(EDT), and musical clarity (commonly expressed by “C80,” which is defined as the logarithmic ratio of 
early to late sound energy, where early refers to sound arriving in the first 80 ms, and later refers to 
sound arriving after this period) improved significantly due to crowds of attendees, newly added seats, 
and wall ornaments, over their characteristics when unoccupied during ordinary periods [3]. Navarro 
suggested that the wooden ceiling of an early Christian church had superior acoustic performance to 
the vaulted roof of a Romanesque church [4]. Cirillo showed that churches with a vaulted nave 
produce considerably longer reverberation times, whereas a wooden ceiling with painted canvases 
causes a significant reduction in the reverberation time, particularly for middle and low frequencies 
[5]. Comparable research has shown that the addition of strips of polyester fiber to pew seats 
contributes to increased absorption [6]. Alonso showed that suspended textile materials induce a 
significant effect on the reverberation time in a church, mainly at an intermediate frequency [7]. 
 
Research into lightweight tapestries hung vertically has shown that different levels of sound 
absorption may be obtained by simply changing the distance of the tapestries from walls [8]. Total 
sound absorption is better related to the number of persons present than to the area covered [9]. 
Experimental results have shown a dependence on occupation density, posture, and the thermal 
resistance of clothing, leading to the definition of a series of equations to predict absorption 
coefficients as functions of frequency [10]. The correlation between sound field parameters and 
church materials has also been studied via an analysis of several Roman churches [11]. Acoustic 

 
Fig. 1. Site plan of the Xiantong Temple in Mount Wutai. 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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measurements were performed in six churches to compare and analyze the intelligibility of speech in 
occupied and unoccupied rooms [12]. Girón et al. summarized the principal contributions to the 
acoustics of ancient occidental Christian churches in recent decades [13]. 
 
Studies of indoor sound diffusers have shown that they absorb a portion of the sound energy, resulting 
in a decrease in the sound pressure level (SPL), which is not easily noticeable, and while diffusion 
contributed to early reflections and enhanced speech intelligibility [14]. Surface decorations, such as 
balconies and coffered ceilings in old halls, can produce a highly diffuse and blended sound 
experience, which is the acoustic hallmarks of a traditional concert hall [15]. Diffusers can be used to 
maintain ambiance, promote even scattered energy coverage, improve spaciousness, and remove 
echoes [16]. Further, spatial shapes can affect sound fields in religious sites, and in a study varying the 
dimensional ratios of twenty-five box-shaped churches, Berardi evaluated the dependence of building 
shape and acoustics, proposing that the length-to-width ratio has a significant influence on the values 
of both C80 and the center time (Ts) [17]. More subjectively, Carvalho found that a feeling of intimacy 
is related to church volume [18]. Using an in situ measurement and a simulation, Indian researchers 
analyzed the sound field characteristics of one of large hollow Buddhist Stupas in a Buddhist temple 
in Nagpur, and obtained the average reverberation times of the Stupa, at mid-frequencies. They were 
5.6 and 9.7 s for occupied and unoccupied conditions, respectively. Note, the mid-frequency result is 
the average of values in the bands of 500 and 1 000 Hz, and denoted by subscript “m” in this paper. 
Then investigated the effects of these characteristics on religious activities (e.g., Buddhist chanting) 
[19]. Further, Sato and Koyasu conducted model room experiments to investigate the effect of the 
shape and size of a room on its sound field, and presented that fluctuations of the reverberation time 
became small for irregular rooms, when compared with that of rectangular rooms [20].  
 
A number of studies have also looked at the directivity and location of sound sources in religious sites. 
By simulating several churches, Alvarez-Morales analyzed the effects of different sound source 
locations on music clarity and speech intelligibility [21]. Speech intelligibility decreased in all of the 
churches when the priest turned his back to the audience compared with when he faced the audience 
[22]. Through acoustic measurements, Japanese researchers found that changes in the location and 
directivity of sound sources during chanting affected the speech transmission index (STI) and 
interaural cross-correlation coefficient (IACC) of the sound field in a temple [23]. In Japanese 
churches, changes in the direction could improve the intelligibility of speech. By contrast, source 
location had relatively little effect on acoustic parameter values [24]. 
 
Previous studies of the acoustic environments and sound fields in Han Buddhist temples have 
primarily concentrated on the musicological aspects of Buddhist music and bell sounds [25–28]. 
Recently, studies have attempted to analyze and interpret the acoustic environments of Han Buddhist 
temples by focusing on sound characteristics and soundscape. For example, Ge et al. investigated the 
acoustic environment of the Jingci Temple near West Lake through measurements and a questionnaire 
[29]. Zhang et al. studied temple's environmental quietness and soundscape along with respective 
subjective and objective influencing factors, and analyzed sound preferences in Han Buddhist temples, 
arguing that evaluations of acoustic environments and sounds are affected by respondents' personal 
characteristics (e.g., religious beliefs) [2,30,31]. 
 
Generally, however, few studies have investigated the sound field characteristics and the acoustic 
factors of the indoor spaces of Main Halls in Han Buddhist temples. Even if traditional field 
measurements can be used to investigate basic acoustic parameters of a traditional Main Hall, their 
sound fields have varying scales and layouts making characterization difficult. Moreover, traditional 
Main Halls are strictly protected as historical buildings, and alteration of the facilities and layouts of 
their indoor spaces is not allowed. This compounds the difficulty of making field measurements in 
order to characterize their sound fields adequately.  
 
This study investigates the effects of spatial elements and sound source characteristics on the sound 
field in the Main Hall of a Han Buddhist temple. The effects of indoor sound absorbers and diffusers, 
roof shapes, and the locations and directivity of indoor sound sources on the sound field are studied. 
The absorption and scattering coefficients of the traditional materials enclosing the indoors were 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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examined through field measurement and simulation, and then an acoustic model of a typical Main 
Hall in a Han Buddhist temple was built. Finally, variation in the sound field was analyzed by 
changing the spatial elements or the directivity and locations of sound sources in the model. 

 
2. Methods 

 
2.1 Measured objects 

 
To date, few studies have investigated the acoustic characteristics of traditional Chinese building 
materials such as their absorption and scattering coefficients. It is also difficult to carry out universally 
applicable studies under laboratory conditions. To ensure the accuracy of the acoustic simulations of 

 
Fig. 2. Current actual layout and acoustic model of Chongzheng Hall, including the (a) exterior view, (b) 

floor plan and layout of sound sources and receivers, and (c) acoustic model. 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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Main Halls, simulation data were compared and adjusted with field measurement data to determine 
simulated absorption and scattering coefficients of building materials. In Han Buddhist temples, 
acoustic measurement is basically not allowed, which are places of religious practice. The Buddha 
statues and fabric Buddhist ornaments could not be removed at random. Thus, it was impossible to 
adopt conventional methods for the field measurement [32]. Therefore, three great halls of the 
Shenyang Imperial Palace that share the same architectural style and materials as traditional Han 
Buddhist temples were selected for acoustic test and simulation. As a world cultural heritage site, the 
Shenyang Imperial Palace was originally built in 1625 and is the largest ancient building complex in 
Northeast China. To conduct an indoor sound field test, the three most representative halls were 
selected: Chongzheng Hall (the building has a flush gable roof, the interior volume is ~1,610 m3 with 
a ridge 11.85 m high, and a floor 20.5 m long and 11 m wide); Qingning Hall (the building has a flush 
gable roof, the interior volume is ~1,110 m3, with a flat suspended ceiling 5.5 m high, and a floor 17 
m long and 11.9 m wide); and Dazheng Hall (the plane is a regular octagon, 5.4 m on each side, the 
interior volume is ~1,370 m3, with a suspended ceiling average about 10.3 m high). At present, these 
three halls are intact, and their indoor facilities were restored to their original state during the Qing 
Dynasty [33,34]. Chongzheng Hall is the most important building in the Shenyang Imperial Palace. As 
illustrated in Figure 2(a), it has no suspended ceiling but an exposed pitched roof. Figure 2(b) 
illustrates a measured floor plan and the layout of the acoustic receivers. 
 
2.2 Measurement process 

 
The deployed instruments included a dodecahedral sound source, sound level meters, and real-time 
signal analyzers. The sound level meters were calibrated beforehand to control error to less than 0.3 dB. 
The acoustic parameters measured were the reverberation time and SPL. Sound fields were measured 
from 06:30 to 08:00 and from 17:30 to 20:00, when the three halls were unoccupied and the environment 
was relatively quiet. The measurement process basically followed the international standard ISO 3382-1. 
One 1.5 m high dodecahedral sound source was placed at the center of each hall. Five to six receivers 
were set up in each hall. The receivers were positioned at least 2 m apart. The distance from any receiver 
to the nearest reflecting surface was at least 1 m. The measurement of reverberation time used the 
interrupted noise method, that is, the source produced 100 dB (or higher) pink noise that continued for 
more than 5 s. After the sound field had achieved a steady state, the source was switched off. Then, one 
1 m high signal receiver was used to record sound attenuation and the reverberation time in each receiver 
was calculated within a spectral range of 125 Hz to 4 kHz. The ISO 3382-1 standard requires that the 
source level provides at least 45 dB above the background level, in the corresponding frequency band. 
Therefore, the background noises in the three halls were measured repeatedly, before the reverberation 
time and SPL measurement. The results showed that the maximum background noise level was less than 
25 dB at each frequency, thereby satisfying the requirement. When measuring the SPL, the source also 
produced a continuous 100 dB (or higher) sound, and the SPL at each receiver was recorded. To reduce 
measurement errors, the SPL and reverberation time of each receiver were measured at least three times, 
and their averages were used. The measurement processes were essentially the same between the three 
halls. Figure 3(a) illustrates the results of T30 measurements at various points in Chongzheng Hall. 
Figure 3(b) illustrates the measured average of T30 in the three halls. 
 
Note that two source positions were used in the measurement process for each great hall. However, in 
the three great halls, the average difference of the two sets of reverberation time data, in each frequency 
band, was less than 5%. In order to simplify the research process, measurements using the second source 
are not listed, or used, in the paper. Also note, during measurements, the receivers were placed at a 
height of 1 m rather than 1.2 m as suggested by ISO 3382-1. A major consideration was that the receiver 
was at the same height as the ears of the ministers when they knelt on the ground to listen to the 
emperor’s speech in the great halls of the Shenyang Imperial Palace. 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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2.3 Simulation verification process 

 
In this study, acoustics were simulated with ODEON13.02, a software package originally developed 
by the Technical University of Denmark in 1984. By combining the image source, ray-tracing, and 
secondary sources methods, ODEON13 was used to conduct a computerized acoustic simulation for 
the absorption, scattering, and diffraction of sound waves; thus, providing comprehensive reference 
data for acoustic analysis [35,36]. In the process of this simulation, the software calculation settings 
were set to the most accurate mode: “precision”. Quick and global estimate functions were used to 
estimate the reverberation time of the acoustic models. There were two important parameters: 
"impulse response length" and "number of late rays"; in the general setting of ODEON13. The former 
was advised to be two-thirds of the longest estimated reverberation time, while the latter initially 
adopted the value automatically assigned by the software, and then repeatedly adjusted and gradually 
increased until the calculated reverberation time was roughly stable. Other parameters were set 
according to the user manual recommendations. For example, transition order was set to 2 and the 
interior margin was set to 0.1 m, with this parameter being directly correlated with model fitness. 
 
The acoustic model for the Main Hall, first built with Google Sketchup 2015 (California, USA), was 
fed to ODEON13. The architectural components of ancient Chinese buildings, such as the bucket arch 
and roof, are very complex. Therefore, the acoustic model was simplified somewhat during modeling. 
In this study, three-dimensional (3D) models were built for the three halls using their dimensional 
measurements, and corresponding sound sources and receivers were set up in the 3D models according 

 
Fig. 3. The results of T30 measurements in the three halls. (a) The results of T30 measurements at various 

points in Chongzheng Hall. (b) The measured average values of T30 in three halls. 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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to the acoustic measurements. Figure 2(c) illustrates the sound field model for Chongzheng Hall.  
 
For acoustic simulation, the key acoustic parameters of the materials were the absorption and 
scattering coefficients. Here, the absorption coefficient of the traditional building materials was 
initially set according to the acoustic parameters of similar materials cited from references in the 
acoustics literature [37–41], those absorption coefficients should be accurate because they were 
obtained from multiple experiments, and verified by numerous studies. And the scattering coefficient 
was set by observation of the outer surface condition of the materials and the simplicity of the acoustic 
model. Then, the simulated values of T10 (the reverberation time extrapolated from the time required 
for sound to decay by 10 dB, from -5 dB to -15 dB), T30, and SPL of the acoustic model were 
compared to match the field measurements of the three halls. That is, according to the difference of 
reverberation time and SPL between measurement and simulation of each receiver, the scattering 
coefficients of the primary materials (those with large surface area such as brick wall, bluestone 
ground, roof and so on) and secondary materials (those with small surface area such as glass window, 
wooden door leaf, Carven wooden screen and so on) were initially adjusted moderately. If the 
difference was not narrowed, the sound absorption coefficient of primary and secondary materials was 
replaced by another set of similar materials from the acoustics literature. After several adjustment 
cycles, approximate values of the acoustic absorption and scattering coefficients of the common 
materials in the ancient Chinese buildings were determined. Three halls were selected to measure and 
simulate their sound fields, and to cross-verify their results, ensuring the accuracy and universality of 
the simulation.  

 
Table 1 lists the approximate values of the acoustic absorption and scattering coefficients of various 
indoor materials that were determined by using the method described above. Figure 4 illustrates the 

Table 1. Acoustic absorption and scattering coefficients of indoor materials in the acoustic model of the 
halls. 

Material Acoustic absorption coefficient under following frequencies (Hz) Scattering 
coefficient 125 250 500 1000 2000 4000 

Ordinary window glass [37] 0.35 0.25 0.18 0.12 0.07 0.04 0.10 

Plastered brick wall [37] 0.013 0.015 0.02 0.03 0.04 0.05 0.05 

Plain brick wall [37] 0.03 0.03 0.03 0.04 0.05 0.07 0.05 

Indoor hardwood material 
[39] 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Roof (without 
suspended ceiling) [40] 0.25 0.40 0.50 0.55 0.60 0.60 0.50 

Roof (with flat suspended 
ceiling) [40] 0.16 0.15 0.10 0.10 0.10 0.10 0.40 

Wooden door leaf [39] 0.16 0.15 0.10 0.10 0.10 0.10 0.20 

Carpet [39] 0.13 0.22 0.33 0.46 0.59 0.53 0.10 

Carven wooden screen [40] 0.14 0.22 0.36 0.32 0.28 0.22 0.40 

Bucket arc [38] 0.32 0.47 0.51 0.58 0.62 0.63 0.50 

Bluestone ground [37] 0.01 0.01 0.015 0.02 0.02 0.02 0.05 

Curtain [41] 0.11 0.32 0.54 0.64 0.55 0.70 0.25 

Buddha statue and 
backlight [40] 0.14 0.22 0.36 0.32 0.28 0.22 0.60 

Light textile cushion [39] 0.33 0.55 0.64 0.58 0.61 0.58 0.05 

 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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differences between the simulated acoustic values based on the coefficients of table 1 and the 
measured sound-field values. For most SPLs, the differences for each frequency range from -5 dB to 5 
dB, with differences in the middle frequencies mostly ranging from -3 dB to 3 dB. For most 
reverberation times, the ratio of the difference between the simulated and measured T30 to the 
measured T30 ranged from -20% to 20%, and from -10% to 10% for middle frequencies, and the T10 
verification result is similar to that of T30. In general, errors were lower for middle and high 
frequencies than for low frequencies. Our simulation accuracy had not entirely met the common 
acoustic criteria, which requires the simulated error be less than the just noticeable differences (JND) 
of this parameter. However, we consider the errors in this study to be within an acceptable range for 
the following reasons. There were complexities including poor spatial closedness of the indoor sound 
field; a lack of related research, such that no standard acoustic parameters of materials in ancient 
Chinese architecture could been used for reference; and those ancient building materials, and Buddhist 
ornaments, could not be removed for measurement in an acoustic laboratory. In addition, the purpose 
of this research was mainly to analyze the influence of the various sound absorbers and Buddha 
statues on the sound field, rather than to obtain actual acoustic parameters.  
 
In this simulation and verification process for characterizing the sound fields, the following points 
should be noted:  
 
(1) The interiors of ancient Chinese buildings are intricate and complex, thus, we have made 
appropriate simplifications in the acoustic models. As a result, the absorption and scattering 

 
Fig. 4. Differences in SPL and percentage differences in reverberation time between measured and 
simulated results in three halls. (a) Differences in SPL of Chongzheng Hall. (b) Percentage differences 
in T30 of Chongzheng Hall. (c) Percentage differences in T10 of Chongzheng Hall. (d) Differences in 
SPL of Dazheng Hall. (e) Percentage differences in T30 of Dazheng Hall. (f) Percentage differences in 
T10 of Dazheng Hall. (g) Differences in SPL of Qingning Hall. (h) Percentage differences in T30 of 
Qingning Hall. (i) Percentage differences in T10 of Qingning Hall. 

http://dx.doi.org/10.1016/j.landurbplan.2015.01.006
http://www.sciencedirect.com/science/journal/01692046/137/supp/C
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coefficients for some materials in the sound field simulation did not completely agree with their 
acoustic characteristics. However, when those parameters were applied together in an acoustic model, 
the results of the sound field simulation were made as consistent as possible with the measurements. 
The absorption and scattering coefficients of the materials in Table 1 are applicable only to the 
acoustic models built in this study or indoor acoustic models of similar dimensions for Chinese 
ancient buildings.  
 
(2) The frequencies of human languages are dominated by middle frequencies. In particular, chanting 
by monks is concentrated in a range from 100–500 Hz [42]. While some Buddhist instruments 
contained middle and high frequencies. Considering this, the chanting and accompaniment of musical 
instruments were the primary sound sources in the Main Halls. The middle frequencies were chosen, 
as representative data, to simplify the research process. When adjusting and fitting the simulated 
results, this study ensured that average values of the middle frequencies approximated the measured 
results as much as possible. The subsequent comparative analysis primarily focuses on data from these 
frequencies. 

 
2.4 Spatial and layout characteristics of Main Hall 

 
A traditional Main Hall is often constructed with a wooden framework that is enclosed by brick, stone, 
or plank walls, and is rectangular and fitted with various forms of sloping roofs (e.g., flush gable, gable-
and-hip, or hip). Depending on the size of the temple, a traditional Main Hall is composed of three to 
eleven standard widths. Its interior space can be divided into spaces for the Buddha and worship. 
Typically, one, three, five, or seven Buddha statues are mounted. The central Buddha statues are large, 
and those that are centrally placed tend to be furnished with fan-shaped backlights. The side Buddha 
statues such as the Eighteen Arhats are also placed along both gable walls. Some Main Halls do not have 
suspended ceilings, whereas others are fitted with flat suspended ceilings to ensure the regularity of the 
indoor space. Main Halls have many cloth Buddhist ornaments, including canopies with streamers above 
the Buddha, curtains over a cylindrical frame, pennants, long narrow flags, and cushions for kowtowing 
and praying on the ground. Such textile ornaments originated in the times of Buddha Sakyamuni and are 
intended to highlight the religious atmosphere inside Buddhist buildings and create an ideal space for 
Buddhist practices. In addition, the ornaments function as sound absorbers. Ancient Chinese knew that 
sound-absorbing curtains and flags could be suspended in various performance areas to reduce the 
reverberation time and improve indoor acoustic quality [42].  
 
Monks and followers in a Main Hall are usually both sound producers and receivers. Chanting is a 
primary sound source and a combination of speaking and singing by monks, and is accompanied by 
sounds generated by Buddhist musical instruments. The worship space typically faces the Buddha 
statues directly. At the center of the worship space is an offering table. During worship activities, monks 
and followers often lie on both sides of the offering table, but sometimes stand in rows and face the 
Buddha statue, kneel to chant sutras, or, occasionally, the monks on both sides of the offering table turn 
toward it and stand face-to-face to chant sutras. These layouts and behaviors would affect the sound field 
in a Main Hall. 

 
2.5 Building a sound field model of a Main Hall 
 
For the indoor sound field model of a Main Hall built in this study, the size of the building, height of the 
Buddha statues, and indoor layout were based on the Main Hall of the Xiantong Temple, the largest 
temple on Mount Wutai, which is one of China's four Buddhist holy mountains, as illustrated in Figure 
5(a). This Main Hall has a double-eave gable-and-hip roof. The indoor space spans seven standard 
widths, with planar dimensions 35.2 m × 25.5 m and an interior volume of approximately 5,325 m3. The 
ridge is 17.6 m high, and the Main Hall is fitted with a flat suspended ceiling. Three central indoor 
Buddha statues are 4.8 m high, while the fan-shaped backlight is 6.7 m tall. The three central Buddha 
statues are all placed on a 1.9-m-high altar, and nine Arhat statues are mounted on each of the two sides 
of the Main Hall against the gable walls. Around the central Buddha statues are Buddhist decorations 
such as canopies, pennants, and long narrow flags, as illustrated in Figure 5(b). 
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Fig. 5. Main Hall of the Xiantong Temple on Mount Wutai, including the (a) exterior view, (b) interior 
view, (c) floor plan, and (d) acoustic model. 
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In the sound field model, eight receivers were set up in a grid (2.5 m × 3.5 m) in the worship area on 
each side of the two offering tables. The receivers were distributed across the chanting area of the monks 
and bypass pillars and located more than 2 m away from building boundaries and pillars. This is 
indicated by points r1 to r8 on the left side of the floor plan in Figure 5(c). The receivers were placed 1.2 
m above the ground, simulating the ear height of listeners who knelt on the kowtow cushions during 
religious rites.  
 
To simulate and analyze the indoor sound field of the Main Hall, two types of sound sources were set. 
To analyze various acoustic parameters such as the T30 and SPL at different indoor locations, a non-
directional sound source denoted S1 was placed 1.5 m high. It was placed in front of the altar to simulate 
the sonata sounds generated by lead monks when chanting, as well as various Buddhist musical 
instruments during religious rites such as morning and evening chanting. Previous studies have shown 
that sound directivity can affect the acoustic environment in temples [23]. During worship activities in 
the Buddhist Main Hall, the general monks often change direction while chanting. To simulate this 
situation, a directional sound source S2 was set up in the chanting area of the monks, on the other side of 
the offering table, as illustrated in Figure 5 (c) and (d), to analyze the variation in the sound field in four 
directions:  
 
(1) S2D1: toward the receivers, where monks on both sides stood face-to-face and chanted sutras, a 
common layout when chanting;  
(2) S2D2: toward the central Buddha statues;  
(3) S2D3: toward the side Buddha statues on the nearest gable wall, with the sound source backed 
against the receivers;  
(4) S2D4: toward the front door of the Main Hall.  
 

 

Fig. 6. Directivity of sound sources in the horizontal plane. (a) Distribution of sound pressure radiated 
from S2D2. (b) Distribution of the sound pressure radiated from a human mouth. 
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This simulated the manner in which different sound source directions affected the sound field in the 
Main Hall. Figures 6 (a) and (b) illustrate a comparison of the directivity from the directional sound 
source S2D2 and that from a human mouth; their characteristics are largely similar [24,43]. This figure 
also illustrates that the backward sound pressure of the directional sound source S2 decreases as the 
frequency increases. Another non-directional sound source, denoted S3, was placed at the same position 
as S2 to compare the effect of sound source location on the sound field. Sound source S2 differed in 
directional characteristic, but was consistent with S1 and S3 in height and sound power level. 
 
To set the power levels of these three sound sources, chanting sounds were generated by multiple people 
and accompanied by Buddhist musical instruments. This sound was recorded with an acoustic recorder 
at a position near the sound sources during morning chanting in the Xiangguo Temple of Kaifeng City. 
During chanting, no electroacoustic amplifier was used, and eight SPL values were recorded within a 
frequency range of 63 Hz to 8 kHz, of 77.8, 54.1, 55.7, 56.4, 47.8, 39.5, 34.9, and 13.7 dB. Because the 
simulated results of the indoor sound field parameters were to be compared to one another, it was 
acceptable to use these SPL values as the sound power levels of the sound sources under different 
frequencies.  
 
The acoustic model for the Main Hall of the Xiantong Temple used the absorption and scattering 
coefficients of the interface materials listed in Table 1. Accordingly, the simulated indoor reverberation 
time was calculated and compared with its measured value. The reverberation time measurement, in the 
Main Hall of Xiantong Temple, was based on the integrated impulse response method because the 
interrupted noise method was prohibited in this temple. A balloon burst was used as the impulse source. 
Note that the measured values of EDT or T30 at 125 Hz varied greatly. This may have been due to the 
lack of low frequency energy in the balloon burst. Deemed as unreliable, we dismissed this data. As 
illustrated in Figure 7, the differences between the values were small. Specifically, the values were 
similar to each other in the 500, 1000, and 2000 Hz bands, with the percent relative error for T30 and 
EDT less than 10%. This study focuses on analyzing mid-frequency data to assess the influence of 
various spatial elements on the sound field, in the Buddhist Main Hall. Thus, this acoustic model should 
be sufficient for the following study.  

 
2.6 Evaluation parameters for the sound field of the Main Hall 
 
In this study, the averages of calculated results from eight receivers were used as the parameter values 
for the sound field in the Main Hall. An A-weighted sound pressure level (SPL(A)) was selected because 
it is similar to human auditory ability, while averaged sound levels under mid-frequencies (SPLm) 
between the eight receivers were also compared. Typically, humans can distinguish a SPL change of 1 
dB, and a SPL change of 3 dB or higher is very apparent. Values of the T30 and EDT were used for the 
reverberation time, however to date, very few studies have attempted to determine suitable values for 

 

Fig. 7. Simulated and measured results of the reverberation time of the Main Hall of the Xiantong 
Temple. 
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them in Main Halls. The Main Hall was treated as both a performance and religious space in this study. 
Churches and opera halls, in European and American countries, likely share similar acoustic 
environments with Main Halls. For these types of buildings, optimal mid-frequency reverberation time 
may be 1.4-1.6 s [44]. Similarly, some studies have shown that in opera halls, the optimal mid-frequency 
reverberation time may be 1.4–1.8 s [45]. Certainly, the Chinese Buddhist Main Hall differs greatly from 
Western churches and opera halls, in terms of size and spatial layout. Various other studies have 
suggested that evaluations of the acoustic environments of Han Buddhist temples vary significantly from 
one person to another [30]. Here, the indoor reverberation time of a Main Hall was used to analyze and 
objectively compare the sound field characteristics of Main Halls instead of directly evaluating the 
advantages or disadvantages of their sound fields.  
 
To compare sound fields, three additional acoustic parameters were selected for reference–C80, STI, and 
IACC. The parameter C80 was used to describe the degree of music clarity, and is expressed in dB. 
Typically, a longer reverberation time means a lower C80 value, and consequently a lower degree of 
music clarity. C80 is usually measured as an average across the frequencies between 500 Hz and 1 kHz, 
and is denoted by C80m. It cannot be used to evaluate the acoustic quality of a hall, but can indicate 
whether the music is very clear or whether the reverberation time is extremely long [46]. The STI is an 
objective parameter that indicates the quality of speech transmission and is associated with speech 
intelligibility, with a value ranging from 0 to 1. In accordance with the international standard, if the STI 
value is above 0.75, the speech intelligibility rating is “excellent.” Values between 0.60 and 0.75 
correspond to “good;” between 0.45 and 0.60 correspond to “fair;” between 0.30 and 0.45 correspond to 
“poor;: and less than 0.30 correspond to “bad” [47]. 
 
The IACC indicates the difference in sound that is audible to both ears, and can be used to evaluate the 
spaciousness of sound. The IACC is measured at a position reached by sound within 80 ms after 
emission, is usually expressed as an average over three frequencies (i.e., 500 Hz, 1 kHz, and 2 kHz), and 
is denoted by IACCE3. A study of the acoustic quality of multiple concert halls demonstrated that the 
value of (1-IACCE3) has a positive correlation with the subjective sound evaluation by audiences, and is 
a parameter that can be used as a reference to evaluate the acoustic quality of concert halls [48].  
 
As a reference, the JND of each acoustic parameter is listed in Table 2, and is based on the findings of 
previous studies [21,35,49,50]. In regard to the JND value for the STI index, Bradley et al. proposed that 
if an improvement produces less than a 0.1 increase in STI, it will probably not lead to an obvious 
improvement in conditions for speech, and if modifications to a room lead to no more than a 0.03 
increase in STI, the effect will probably be inaudible [51]. 

 

3. Results and discussion 
 
An acoustic model for a Main Hall was constructed, and the related absorption and scattering 
coefficients for materials of the ancient Chinese buildings were correspondingly input. By changing the 
model settings, such as sound absorbers, Buddha statues, the spatial form of the roof, or sound source 
directivity, the changes of sound field parameters were analyzed to determine how the sound field in the 
Main Hall of a Han Buddhist temple was impacted by spatial elements and sound sources. 
 
3.1 Effects of fabric sound absorbers on the sound field 

 

Table 2. JND for objective parameters. 
Parameter G 

(0.5–1 kHz) 
RT 

(0.5–1 kHz) 
EDT 

(0.5–1 kHz) 
STI C80 

(0.5–1 kHz) 
IACC E3 

(0.5–2 kHz) 
JND 1 dB 5% 5% 0.03 1 dB 0.075 
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The fabric sound absorbers in the Main Hall included those on the ground (e.g., kowtow cushions) and 
in the air (e.g., textile Buddhist ornaments such as curtains above the Buddha statues). When the non-
directional sound source S1 was set up and all of the fabric sound absorbers were removed, the 
following changes were noted: indoor reverberation time (Fig. 8), the indoor T30m increased from 1.05 s 
to 1.39 s (increasing by 32.3%), and the EDTm increased from 0.92 s to 1.35 s (increasing by 46.8%). 
These are far higher than the 5% increases in JND values of the reverberation time. It is evident that the 
sound absorbers affected the indoor reverberation times.  

After the fabric sound absorbers were removed, (1-IACCE3) decreased from 0.648 to 0.486. The 
difference of 0.162 is greater than 0.075 (the JND value of the IACCE3), indicating that the sound 
absorbers improved sound quality. The C80m value decreased from 4.45 to 2.19 dB, and the STI 
decreased from 0.58 to 0.53. Note both differences exceed that of the corresponding change in JND 
value. These changes reveal that the sound absorbers in the Main Hall could affect music clarity and 
speech intelligibility to a noticeable degree. The average SPL(A) value increased from 34.2 to 35.6 
dBA, and the standard deviation of the SPL(A) decreased from 1.30 to 1.24 dBA. Evidently, the sound 
absorbers did not affect the SPL significantly. In comparison, the sound absorbers in the air affected the 
sound field more significantly than those on the ground. When only the absorbers in the air were 
removed, the T30m and EDTm values increased by 17.3% and 25.1%, respectively. However, when only 
the absorbers on the ground were removed, the T30m and EDTm values increased by 11.3% and 17.9%, 
respectively. This reverberation time result was consistent with previous studies on conducted Venetian 
churches, which proposed that sound absorbers, such as wall tapestries, improved reverberation time in 
the church [3]. Another relevant study provided an analysis of sound absorbers in the Indian 
Deekshabhoomi Stupa [19], where the mid-frequency reverberation time increased by 73.2%, from 
occupied (5.6 s) to unoccupied (9.7 s) conditions. The Indian stupa was different from the Chinese 
Buddhist Main Hall in terms of building volume, architecture structures and indoor materials. The 
characteristics of the two sound fields varied considerably. The sound field in the Indian Stupa had a 
reverberation time greater than 5 s, while that of the sound field in the Chinese Buddhist Main was less 
than 2 s. This suggests that the Main Hall may be more appropriate for speech-related activities. 

 
3.2 Effects of Buddha statues on the sound field 

 
The Buddha statues, including the central Buddha statues at the center of the hall and the side Buddha 
statues on each side of the hall, act as both absorbers and diffusers. Figure 9 illustrates the effects of the 
central and side Buddha statues on the sound field of the hall. When S1 was set up and all of the Buddha 
statues were removed, the average T30m and EDTm values increased by 9.2% and 10.6%, respectively. 
Both are higher than the 5% increases in JND values of reverberation time. This result corresponded 
with a previous study on indoor diffusers in architectural spaces [14]. The central Buddha statues near 
the sound source, similar to the altars in the Japanese Buddhist temple, enhanced the early reflection [23]. 

 
Fig. 8. Change in reverberation time in absence of sound absorbers. 
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This reduced the chance of having a hollow, muddy and poorly defined sound, due to mitigated 
specularity and short echoes, thereby improving the acoustic quality of the room [14,16]. The side 
Buddha statues also enhanced reflection near the lateral wall, which was equally important for the indoor 
sound field [15,23].  

 
At the same time, (1-IACCE3) decreased by 0.07, a difference approximating the JND value (0.075), 
confirming that the indoor acoustic quality decreased somewhat. The SPL increased by 0.43 dBA, and 
the standard deviation of the SPL decreased by 0.11 dBA. For mid-frequencies, the average SPL 
increased by 0.13 dB, and the standard deviation of the SPL decreased by 0.03 dB. Meanwhile, the STI 
decreased by 0.01, and C80m changed from 4.45 dB to 4.00 dB. The values of these parameters varied 
slightly (all less than JND). Further analysis showed that the central Buddha statues affected the 
reverberation time more than the side Buddha statues. If only the central Buddha statues were removed, 
the T30m and EDTm increased by 5.4% and 6.5%, respectively, while if only the side Buddha statues were 
removed, the T30m and EDTm increased by 2.1% and 3.8%, respectively. 

 
3.3 Effects of the form of the roof on the sound field 

 
Traditional Main Halls are typically fitted with flush gable or gable-and-hip roofs, and some are internally 
fitted with flat suspended ceilings, which can also be interpreted as flat roofs. This study built three sound 
field models of a Main Hall with identical volumes but different types of roofs. The placement of the 
indoor objects (e.g., Buddha statues) was identical to the setup replicating the acoustic absorption 
coefficient. When S1 was set up, the reverberation time was longest with a flat roof. When the Main Hall 
with a flush gable or gable-and-hip roof was analyzed, the T30m decreased by 4.26% and 5.07%, the EDTm 
decreased by 1.97% and 4.02%, the STI increased by 0.008 and 0.011, the C80m increased by 0.27 dB and 
0.54 dB, (1-IACCE3) increased by 0.012 and 0.041, and the SPL decreased by 0.03 dBA and 0.05 dBA, 
respectively. The variation in both the average and standard deviation of the SPLm were less than 0.11 dB. 
Almost every difference is less than the JND value. For traditional Main Halls of the same size and 
building materials, the form of the roof did not significantly affect the sound field. The possible cause 
being that although the shape of the roof changed, the indoor space was regular and the main walls, which 
reflect sound waves, were still parallel. Thus, the sound field changed little, as compared to when the 
room shape became irregular [20]. The result of this study is consistent with previous findings for several 
Romanesque churches, which demonstrated that no significant correlation was found between 
reverberation times and the geometric parameters [11]. 

 

Fig. 9. Change in reverberation time in absence of Buddha statues. 
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Given the same architecture, the indoor sound field varied with or without a flat suspended ceiling 
because of the change in spatial volume and the ceiling materials. Figure 10 illustrates the interior of the 
Main Hall with and without a flat suspended ceiling. Both roof materials were wooden, however, the 
wooden surface of the flat suspended ceiling was relatively smooth due to painting and its decoration. The 
wooden surface of the pitched roof was generally natural and rough, and structural elements, such as the 
beam and purlin, were exposed. Figure 11 illustrates the variation in the reverberation time using the 
acoustic model for the Xiantong Temple. If the suspended ceiling was removed, the average values of the 
T30m and EDTm decreased by 0.134 s and 0.127 s (12.7% and 13.9%), respectively; the C80m increased by 
1.26 dB; and (1-IACCE3) decreased by 0.084. All of these values were higher than the JND. Previous 
studies have proposed that, compared with the vaulted roofs in churches, the flat wooden or painted 
canvas ceiling would cause a significant reduction in reverberation time (previous studies in six churches 
in Italy and Spain have shown that STI values were often in the “poor” rating range, for reverberation 
times that were too long [22]), and would improve the acoustic environment in the churches [4,5]. 
However, the results of this study determined that a flat suspended ceiling in the Buddhist Main Hall 
might increase the reverberation time. A possible explanation for this inconsistency is that the wooden 

 
Fig. 10. Indoor picture of the Main Hall, including (a) with the flat suspended ceiling and (b) without the 
flat suspended ceiling. 
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ceiling in churches might increase sound absorption and/or reduce volume. Indeed, volume and materials 
were the most important factors affecting reverberation time in churches [11]. In the Chinese Buddhist 
Main Hall, the complex sloping roof structure, with its rough material, could cause the sound absorption 
and scattering coefficient to be larger than that of the flat wooden ceiling. Thus, when a flat wooden 
ceiling was set in the Buddhist Hall, the impact of increased reverberation time caused by reduced sound 
absorption and reflection could have exceeded the impact of decreased reverberation time caused by the 
reduced volume. The overall conclusion was that a suspended ceiling increased the indoor reverberation 
time and affected acoustic quality and music clarity. 
 
After the suspended ceiling was removed, the SPL(A) decreased by 0.24 dBA, while the average SPLm 
decreased by 0.79 dB. The STI increased by 0.025. These values were lower than the JND. This evidence 
suggests that the suspended ceiling had no significant effect on the SPL or speech intelligibility. 

 
 

3.4 Effects of directivity and locations of sound sources on the sound field 
 

The chanting generated by monks in the Main Hall was a directional sound source. Represented by source 
S2, as illustrated in Fig. 5(c), sound was sent in four directions: S2D1, S2D2, S2D3, and S2D4. From the 
simulations of the four modes, the variation in the T30m of the indoor receivers was less than 0.03 s (less 
than 2%), which is negligible. Figure 12 illustrates the average EDT of each receiver. The EDTm was 
minimized (0.91 s) in the S2D1 direction, while it was 1.03 s toward the S2D2, 1.12 s toward the S2D3, 

 

Fig. 11. Effects of suspended ceiling on reverberation time. 

 

Fig. 12. Effects of directivity of sound source S2 on EDT. 
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and 0.97 s toward the S2D4, increasing by 12.5%, 22.7%, and 6.2%, respectively, as compared with those 
in the S2D1 direction. Seemingly, the EDTm rather than the T30m, was primarily affected by the directivity 
of the sound sources in the Main Hall.  
 
The STI was highest (0.58) in the S2D1 direction, and decreased by 0.07 (S2D2), 0.11 (S2D3), and 0.04 
(S2D4) compared with the S2D1 direction. In the S2D1 direction, when the monks stood face-to-face to 
chant, speech intelligibility was the highest. In the S2D3 direction, when the monks had their backs to the 
receivers when chanting, speech intelligibility was the lowest. This result is consistent with previous 
studies on churches and Japanese temples, which showed that source direction clearly affected STI, and 
that vocal projection toward the congregation was more intelligible [11,22,23,24]. Figure 13 illustrates a 
simulation diagram for the STI in the S2D1 and S2D3 directions.  

 

 
Fig. 13. Effects of directivity of sound sources on STI. (a) S2D1, (b) S2D3. 
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C80m was the highest (4.90 dB) toward the S2D1, lowest (1.33 dB) toward the S2D3, 3.46 dB toward the 
S2D2, and 4.08 dB toward the S2D4. Thus, music clarity and speech intelligibility were highest when the 
monks chanted sutras face-to-face. The average SPL(A) of the receivers was highest in the S2D1 direction 
and lowest in the S2D3 direction. The difference of SPL(A) between them was 2.15 dBA (and 3.15 dB 
under mid-frequencies). In the four directions, the variation in the standard deviation of SPL(A) was less 
than 0.60 dBA (less than 0.90 dB under mid-frequencies). The directivity of the sound sources had no 
significant effect on (1-IACCE3). When the (1-IACCE3) averages of calculated results from the eight 
receivers were compared in the cases of the four different sound source directions, the difference between 
its maximum and minimum values was less than JND. This result is not consistent with previous studies 
which indicated that sound source direction had a clear effect on the IACC in Japanese temples [23], and 
also had a clear effect on IACC at higher frequencies (2000 and 4000 Hz) in Japanese churches [24]. One 
possible reason is that the calculated results of (1-IACCE3) are mainly based on mid-frequency (500, 1000 
Hz) and 2000 Hz values, and in different directions, as illustrated in Fig. 6(a), the sound pressure change in 
terms of directional sound sources in the mid-frequency is less than the change in the high frequency, so 
the impact of the sound source directivity on (1-IACCE3) is smaller than on IACC for which calculated 
results include high frequency values. Another possible reason is that the spatial layout in the Chinese 
Buddhist Main Hall is different from the layouts in Japanese churches and Japanese Buddhist temples. 
Thus, are more diffusers (including the central and side Buddha statues) in the Chinese Buddhist Main Hall, 
and therefore the sound field characteristics in the Chinese Buddhist Main Hall differ from those in 
Japanese religious buildings. 
 
The variation in the values of the indoor sound field parameters with the locations of the sound sources was 
analyzed. Both non-directional sources, S1 was placed at the center of the hall and S3 on one side of the 
hall. Compared with S1, the EDTm of S3 increased from 0.92 s to 1.01 s (9.8%), the STI of S3 decreased 
from 0.58 to 0.53, and (1-IACCE3) decreased from 0.648 to 0.572. These values were all greater than the 
JND. These data demonstrate that the sound source set up at the center of the hall has some positive effect 
on speech intelligibility. Note that also located at position S1 were the primary musical instruments as well 
as a core monk who led the chanting. When S3 was set up, the T30m increased by 0.01 s, the average SPL(A) 
decreased by 1.9 dBA (SPLm decreased by 2.3 dB under mid-frequencies), and C80m decreased from 4.45 
dB to 3.70 dB. These values did not vary significantly. The locations of the sound sources affected the 
sound field in the Main Hall, to a certain extent. This result is similar to a previous study on sound source 
location in Japanese Buddhist temples [23], possibly because in the Main Hall, sound reflections caused by 
the Buddha statues act as diffusers (corresponding to the altar, and the like, in Japanese Buddhist temples). 
The resulting reflections would change because of the different locations of the sound sources, thus, 
affecting the indoor reverberation components and binaural coherence. Yet, another previous study 
suggests that sound source location in Japanese churches had a relatively small effect on sound field 
parameters [24]. This may be because there were no similar diffusers, such as Buddha statues, near the 
sound source. 

 

Fig. 14. Simulated results after current layout and sound field elements were changed. 
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The non-directional sound source S1 was set up in the current complete indoor layout in the Main Hall, and 
the values of the acoustic parameters were set to 1. Figure 14 illustrates the resulting ratios of the simulated 
values of the acoustic parameters after the spatial elements and locations of the sound sources that affected 
the sound field were changed. 

 
4. Conclusions 

 
This paper analyzed the acoustic characteristics in the Main Hall of a Han Buddhist temple. First, the 
sound fields of three traditional Chinese halls were measured and the acoustic parameter values were 
determined using acoustic simulation software. Next, an indoor acoustic model for a typical Main Hall 
(the Main Hall of the Xiantong Temple in Mount Wutai) was created and the effects of indoor spatial 
elements and the directivity and locations of sound sources on the indoor sound field were analyzed. 
The findings of this study can be summarized as follows:  
 
(1) The spatial elements in the Main Hall had a clear effect on the indoor sound field. After various 
fabric sound absorbers (e.g., curtains, pennants, and cushions) in the Main Hall were removed, the 
reverberation time increased significantly, the T30m increased by 32.3% and the EDTm increased by 
46.8%. After the central and side Buddha statues, which acted as sound absorbers and diffusers, were 
removed from the Main Hall, the reverberation time also slightly increased. In addition, the fabric 
sound absorbers and Buddha statues had some positive effect on speech intelligibility and sound 
spaciousness, but did not significantly affect the indoor SPLs.  
 
(2) The form of the roof of the Main Hall did not significantly affect the indoor SPL or reverberation 
time. Data suggested that a flat suspended ceiling installed within the Main Hall might slightly 
increase the reverberation time.  
 
(3) The directivity of the sound sources inside the Main Hall clearly affected the indoor sound fi eld. 
When monks in the Main Hall stood face-to-face to chant, the EDTm was minimized and the STI was 
maximized. In the three other directions tested, the EDTm increased by 12.5%, 22.7%, and 6.2%, and 
the STI decreased by 0.07, 0.11, and 0.04, respectively. The locations of the sound sources inside the 
Main Hall affected the EDTm of the sound field and speech intelligibility to an observable degree.  
 
In summary, in the Main Hall of a Han Buddhist temple, the central and side Buddha statues and the 
fabric elements (Buddhist ornaments and cushions) affected the indoor sound field to a discernable 
degree. The locations and directivity of the sound sources also affected the indoor sound field, 
whereas the form of roof did not significantly affect the indoor sound field. 
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